Sudden cardiac death is common and accounts largely for the excess mortality of patients on maintenance dialysis. It is unknown whether aldosterone and cortisol increase the incidence of sudden cardiac death in dialysis patients.
Introduction
Chronic kidney disease is a strong risk factor for cardiovascular morbidity and mortality. 1 Even patients with moderately impaired kidney function have an increased risk of cardiovascular complications. 2 When end-stage renal disease is reached, the prevalence of cardiac comorbidities is excessively high. Coronary heart disease, left ventricular hypertrophy, cardiac fibrosis, and heart failure may contribute to the high incidence of sudden cardiac death, which is the most common cause of death in dialysis patients. 3, 4 In an effort to identify pathways potentially involved, we evaluated the correlation between aldosterone and cortisol and the risk of sudden death. Recent investigations have documented that-apart from the classical effect on sodium reabsorption-aldosterone exerts a variety of other effects that are potentially important for renal and cardiovascular injury. Aldosterone increases oxidative stress through induction of NADPH oxidase 5 -7 and promotes vascular inflammation. 5, 8 Furthermore, aldosterone impairs endothelial function by reducing the bioavailability of nitric oxide. 9, 10 Finally, high aldosterone concentrations in the presence of salt overload cause cardiac hypertrophy and fibrosis, which are prevented by the administration of the mineralocorticoid receptor antagonist eplerenone. 11 The mineralocorticoid receptor binds aldosterone and cortisol with comparably high affinity; 12 and under normal circumstances cortisol fails to activate the mineralocorticoid receptor because it is converted into the inactive metabolite cortisone by the 11b hydroxysteroid dehydrogenase type 2 (11bHSD2). 13, 14 However, the efficacy of this enzyme is reduced in advanced age, inflammation, and potentially also in uraemia. 15 Furthermore, a number of tissues (e.g. cardiomyocytes) do not express 11bHSD2, suggesting that the mineralocorticoid receptor is activated mainly by cortisol, which circulates in much higher concentrations. 12 Thus, the beneficial effects of spironolactone and eplerenone may result from blocking the action of both aldosterone and cortisol at the mineralocorticoid receptor. We, therefore, hypothesized that increased concentrations of both aldosterone and cortisol synergistically activate the mineralocorticoid receptor in end-stage renal disease, thus potentially increasing the incidence of sudden cardiac death. Therefore, we assessed whether the concentrations of serum aldosterone and cortisol were correlated with the cardiovascular outcomes in 1255 haemodialysis patients participating in the German Diabetes Dialysis Study (4D Study: Die Deutsche Diabetes Dialyse Studie).
Methods

Study design and participants
The 4D study design has previously been reported in detail. 16 Briefly, this was a prospective randomized controlled trial investigating the effect of atorvastatin on cardiovascular outcomes in 1255 patients aged 18-80 years with type 2 diabetes mellitus and on haemodialysis for ,2 years. Between March 1998 and October 2002, patients were recruited in 178 dialysis centres in Germany. Study visits took place at baseline and regularly after randomization until the date of death, censoring, or end of the study in March 2004. At each follow-up visit, an electrocardiogram and clinical information (including adverse cardiovascular events) were recorded. Baseline blood samples were kept frozen at 2808C.
Definition of endpoints
The primary endpoint of the 4D study was defined as a composite of death from cardiac causes, stroke, and myocardial infarction (MI), whichever occurred first. Death from cardiac causes comprised fatal MI (death within 28 days after an MI), sudden cardiac death (SCD), death due to congestive heart failure (CHF), death due to coronary heart disease during or within 28 days after an intervention, and all other deaths ascribed to coronary heart disease. Patients who died unexpectedly and did not present with serum potassium .7.5 mmol/L before the start of the three most recent sessions of haemodialysis were considered to have had sudden death from cardiac causes. 4D Study endpoints were centrally adjudicated by three members of the endpoint committee blinded to study treatment and according to predefined criteria. 4 For the present analysis, sudden cardiac death, MI, stroke, combined cardiovascular events (CVE) and all-cause mortality were chosen as separate outcomes. The study was approved by the medical ethical committee, and all the patients gave their written informed consent before inclusion.
Data collection
Information on age and smoking status was obtained through patient interviews. Comorbidities, including the presence of coronary artery disease (CAD), CHF, duration of diabetes mellitus, and dialysis treatment, were provided by the patients' nephrologist. Coronary artery disease was defined by a history of MI, coronary artery bypass grafting surgery, percutaneous coronary intervention, or angiography. Congestive heart failure was defined according to the classification system of the New York Heart Association.
Biochemical measurements
All general laboratory measurements of the 4D Study were performed centrally at the Department of Clinical Chemistry, University of Freiburg, Germany. C-reactive protein and N-terminal pro-B-type natriuretic peptide (NT-proBNP) were measured in blood samples taken at baseline, i.e. at study visit 3 (1 week before randomization), by turbidimetry on a Modular PP analyser (Roche Diagnostics, Mannheim, Germany).
Aldosterone was determined by a validated immunoassay as described previously. 17, 18 Cortisol was measured using a commercially available immunoassay (Immulite 2000, Siemens, Germany). For both assays, the intra-and inter-assay coefficients of variation were ,8 and ,12%, respectively. All blood samples were taken before the start of dialysis sessions and administration of drugs.
Statistical analysis
Patient characteristics are presented according to categories of aldosterone and cortisol concentrations. The groups were selected post hoc and on the basis of the distribution of aldosterone and cortisol concentrations at baseline, respectively. We aimed for equal groups and formed quartiles for cortisol (,13.2, 13.2-16.8, 16.8 -21.1, .21.1 mg/dL). Regarding aldosterone, the majority of patients had aldosterone concentrations below the detection limit. Therefore, we divided the remaining population with aldosterone concentrations above the detection limit into three groups aiming for similar numbers of patients in each subgroup. By such procedure, we obtained the following groups: patients with aldosterone levels ,15 pg/mL (detection limit, Group 1), levels between 15 and 100 pg/mL (Group 2), levels between 100 and 200 pg/mL (Group 3), and levels .200 pg/ mL (Group 4). Continuous variables were expressed as mean + SD or median with interquartile range as appropriate; categorical variables were expressed as percentages. We first assessed the association between aldosterone status and SCD. Kaplan-Meier curves were performed in each group and the log-rank test was computed to compare the curves. Using Cox regression analyses, hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) were calculated and adjusted for the confounders age, sex, atorvastatin treatment, systolic blood pressure, smoking status, duration of dialysis, BMI, levels of HDL and LDL cholesterol, calcium, phosphate, potassium, and haemoglobin (Model 1). Additional adjustments were made for medication use, including ACE-inhibitors, AT2 receptor antagonists, beta blockers, and diuretics (Model 2). To investigate potential intermediate conditions, we performed additional Cox regression analyses with the inclusion of CAD, CHF, arrhythmia, left ventricular hypertrophy, C-reactive protein, and NT-proBNP, which may lie in the causal pathway of the effect of aldosterone on sudden death (Model 3).
We also determined the relation between aldosterone status and further adverse outcomes, including MI, stroke, combined cardiovascular events, death due to infection, and all-cause mortality. We further analysed the effect of cortisol on all adverse outcomes, using the same approach and statistical procedures as mentioned earlier for aldosterone. Finally, we investigated whether both hormones interacted to increase the incidence of sudden cardiac death and other cardiac outcomes. For this purpose, patients were grouped according to their combined aldosterone and cortisol status at baseline. The patients with both high aldosterone and high cortisol concentrations were compared with the patients with low concentrations of both hormones. In this article, all the P-values are reported two-sided. Analyses were performed using SPSS version 16.0.
Results
Patient characteristics
The mean follow-up period was 4 years. Of all the patients, 617 patients died during follow-up; 160 patients died of SCD and a total of 469 patients reached the combined cardiovascular event with MI and stroke occurring in 200 and 103 patients, respectively. Regarding fatal events, one-quarter of all deaths (26%) could be attributed to sudden cardiac death, 11% of the deaths to acute MI and coronary heart disease, 7% to CHF, and 6% to stroke. About one-half of deaths were due to non-cardiovascular causes, including infection and cancer as well as other causes.
The baseline characteristics of the patients are presented in Table 1 . Baseline serum aldosterone concentration (median: ,15 pg/mL; IQR: 15-108 pg/mL) was measured in 1180 and cortisol (median: 16.8 mg/dL; IQR: 13.2-21.1 mg/dL) in 1156 patients. The patients of the highest category of aldosterone concentration more often had CAD and arrhythmia and were less often on ACE-inhibitors or AT-2 antagonists (Supplementary material online, Table S1a ). In addition, they had higher levels of NT-proBNP and C-reactive protein. There were no meaningful differences in potassium levels across the categories of aldosterone. The correlation between aldosterone and NT-proBNP and C-reactive protein was highly significant (P , 0.001, respectively). Furthermore, the patients with higher cortisol concentrations at baseline had a higher burden of arrhythmia and lower concentrations of potassium. The patients with both high aldosterone and high cortisol concentrations more often had CAD and CHF, higher levels of C-reactive protein, and NT-proBNP, and less often used ACE-inhibitors and AT-2 antagonists than the patients with low aldosterone and low cortisol concentrations. Potassium levels were similar in the patients with both high aldosterone and cortisol levels than the patients with low aldosterone and cortisol levels (Supplementary material online, Table S1b ).
Aldosterone status and adverse clinical outcomes
High aldosterone concentrations at baseline were significantly associated with sudden cardiac death during follow-up (see Figure 1A ). By adjusted Cox regression analysis, the risk of sudden death was 69% higher in the group of patients with the highest aldosterone concentrations (.200 pg/mL) compared with the lowest concentrations (,15 pg/mL): HR: 1.69, 95% CI: 1.06-2.69 ( Table 2 ). The additional adjustments for potential intermediate variables largely attenuated the association [HR: 1.35 (0.84-2.17)], suggesting that these mechanisms considerably explain the association between aldosterone and sudden death. Compared with the patients with the lowest aldosterone concentrations, those with concentrations between 15 and 100 pg/mL (Group 2) or between 100 and 200 pg/mL (Group 3) were not at an increased risk of sudden death ( Table 2) .
The risk of dying from heart failure was two-fold increased in the patients with the highest compared with those with lowest aldosterone concentrations, although not significant (HR: 2.11, 95% CI: 0.76-5.84). Of note, this negative impact for the group of patients with high aldosterone derives almost exclusively from the patients with aldosterone levels of .300 pg/mL [HR: 3.38 (1.06-10.81), Supplementary material online, Table S2a] .
Similarly, the endpoints of combined CVE and all-cause mortality were not significantly related to aldosterone status except in the subgroup of patients with very high aldosterone concentrations of .300 pg/mL Table  S2a ]. In contrast, we found no significant association between aldosterone status and MI and stroke in any aldosterone category. Stroke consists of various pathophysiologies; it could not be subdivided according to its origin (ischaemic, haemorrhagic) because of relatively small patient groups.
Cortisol status and adverse clinical outcomes
Cortisol concentrations at baseline were not significantly associated with sudden cardiac death during follow-up (see Figure 1B and Supplementary material online, Table S2b ). Compared with the lowest cortisol quartile, the adjusted HR for sudden cardiac death was 1.31 (95% CI: 0.84-2.06) for the patients in the highest cortisol quartile, 1.00 (0.62-1.61) for the third-quartile, and 0.98 (0.61-1.58) for the second-quartile. There was no association with death because of heart failure.
There was an increase in MI in patients in the highest vs. the lowest cortisol quartile (unadjusted HR: 1.56, 95% CI: 1.02-2.39), which lost its significance after adjustments (adjusted HR: 1.47, 95% CI: 0.94-2.28). A similar non-significant association was seen between cortisol status and stroke (adjusted HR: 1.50, 95% CI: 0.80-2.79, Supplementary material online, Table S2b ). There was no significant association between cortisol status and combined cardiovascular events and all-cause mortality.
Synergism between aldosterone and cortisol in relation to sudden cardiac death
The patients with high aldosterone concentrations (.200 pg/mL) plus high cortisol concentrations (.21.1 mg/dL) were compared with the patients with both low aldosterone (,15 pg/mL) and low cortisol (,13.2 mg/dL) concentrations. In the patients with high concentrations of both hormones, the risk of sudden cardiac death was increased .2.5-fold (HR: 2.59, 95% CI: 1.34 -4.98) compared with the patients with low concentrations of both hormones. This association was even stronger after adjustment for confounders (HR: 2.86, 95% CI: 1.32-6.21) ( Table 3 ). All-cause mortality was significantly higher by 62% in the patients with both high aldosterone and cortisol concentrations (HR: 1.62, 95% CI: 1.01-2.62) compared with the patients with both low concentrations. Additional analysis showed that this relation is explained mainly by the synergistic impact of both hormones on sudden cardiac death; no association was found for the other adverse CV outcomes and an additional endpoint comprising all-cause mortality except SCD.
The .......... ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ ....... High aldosterone and cortisol levels were present in a subgroup of 48 patients, and the event numbers concerning heart failure deaths were too small to study the effect in these subgroup analyses. with any other combination of aldosterone and cortisol (low-intermediary or low-high, high-intermediary or high-low) did not show an increased risk of adverse events except those with the highest levels of both hormones as already mentioned.
Atorvastatin treatment
To rule out any influence by atorvastatin treatment, we have corrected for the use of atorvastatin in all analyses. In addition, we have investigated potential interaction by study treatment. The included interaction term was not significant in any of the analyses, indicating no interaction by atorvastatin treatment.
Discussion
This study investigated the impact of aldosterone and cortisol concentrations on cardiac and vascular events and all-cause mortality in patients with type 2 diabetes mellitus undergoing maintenance haemodialysis. The major finding of this study is that high aldosterone concentrations in these patients are associated with a significant increase in the incidence of sudden cardiac death. The combined presence of high serum aldosterone and high cortisol concentrations increased the risk of sudden cardiac death further by a factor of almost three and this accounted largely for the significantly increased all-cause mortality. In addition, a very high aldosterone level is associated with deaths due to heart failure, CVE, and mortality, while there is no significant association between cortisol and adverse events in adjusted analyses.
In the general population, MI is the most common cause of cardiovascular death. 19, 20 In contrast, registry data indicate that in dialysis patients sudden cardiac death accounts for 47% of cardiovascular deaths. 21, 22 The mechanisms causing sudden death are largely unknown; 23,24 the current finding is therefore of interest that-at least in diabetic dialysis patients-increased levels of aldosterone are significantly associated with the risk of sudden cardiac death. This finding is in line with many studies indicating that aldosterone is an important mediator of cardiovascular damage in non-renal patients and also in patients with early chronic kidney disease and CV damage. 25, 26 Furthermore, the mineralocorticoid receptor blockade in heart failure patients has been shown to reduce sudden cardiac death and all-cause mortality. 27, 28 The underlying mechanisms are unclear but the following considerations may be of relevance. Aldosterone is known to cause electrical instability. For instance, in the study by Lendeckel et al.
29
aldosterone was shown to promote development of atrial fibrillation. This was attributed to the action of aldosterone to promote oxidative stress, inflammation, and fibrosis with subsequent remodelling-induced electrical abnormalities. 30 It is of interest that aldosterone causes electrical remodelling independent of hypertension. 31 Aldosterone was also correlated with atrial fibrillation in the LURIC study. 32 The effect of aldosterone on electrical stability and sudden death has recently also been commented upon by Luft.
33
Cardiac interstitial fibrosis is a feature of cardiomyopathy in renal failure as shown by Amann and Ritz 34 and many other authors. Aldosterone has pro-hypertrophic and pro-fibrotic effects. 35 In a rat study, hypertensive aldosterone-treated animals exhibited increased left ventricular end-diastolic pressure, increased cardiomyocyte size, collagen deposition, and inflammation; these findings were reversed by spironolactone. 36 For the adverse hypertrophic and fibrotic effects, there is cross-talk between aldosterone and angiotensinII. 37 It is, therefore, of interest that our finding of increased sudden death was adjusted for the concomitant use of ACE-inhibitors/angiotensinreceptor blockers. According to Waanders et al., 38 blood-pressureindependent effects play a role in situations of low circulating and high tissue aldosterone levels, high sodium intake possibly aggravating the effect of aldosterone. We have no information on sodium intake, but ultrafiltration volume as an indirect measure of interdialytic salt intake was not significantly correlated with the risk of sudden death. Oxidative stress is increased by aldosterone through induction of NADPH oxidase 5 -7 contributing to vascular inflammation. 5, 8 Aldosterone-dependent inflammation has been well documented in vascular smooth muscle cells and other tissues as a culprit causing inflammatory cell infiltration and adhesion as well as activation of NFkB, thus provoking an inflammatory phenotype. 39 This prompted us to analyse the correlation between C-reactive protein and plasma aldosterone concentration in the aforementioned dialysed patients, which was significant (P , 0.001). We found a meaningful increase in median C-reactive protein with increasing categories of aldosterone concentration, supporting the aforementioned concept. Krug et al. 40 found that elevated mineralocorticoid receptor activity promotes and amplifies a pro-inflammatory phenotype via extracellular signal-regulated kinase and epidermal growth factor-dependent pathways, particularly in aged rats. The enhancement of the adverse effect of aldosterone by the coexistence of elevated cortisol concentrations deserves comment. It has been shown that aldosterone and cortisol were associated with medium-term left ventricular remodelling when measured early after acute MI. 41 In a recent study by Yamaji et al., 42 high serum cortisol was an independent predictor of cardiac events in patients with chronic heart failure, particularly in the presence of oxidative stress as measured by oxLDL. Similarly, elevated cortisol concentrations have been shown to provide an incremental mortality risk in patients with systolic heart failure. 43 This mutual enforcement of adverse effects could also be demonstrated in this study of haemodialysed diabetic patients. It has been shown by N'Gankam et al.
14 that the activity of 11bHSD2 is reduced in haemodialysed patients, with consecutive increased cortisol metabolites. This may contribute to explanation of our finding that the cardiac risk induced by aldosterone is amplified in the presence of elevated cortisol. Furthermore, cortisol concentrations may be particularly important and decisive of outcomes in the cells not expressing 11bHSD2. While the enzyme is present mainly in the kidney and the blood vessels, it is not abundant in the heart. Under conditions when the efficacy of this enzyme is additionally reduced such as in advanced age, inflammation, and uraemia, 15 cardiac mineralocorticoid receptors, therefore, may be activated mainly by cortisol, which circulates in concentrations 100-fold to 1000-fold higher than aldosterone. 12 Our finding that high aldosterone and high cortisol levels are associated with sudden cardiac death and all-cause mortality provides a strong rationale that the pharmacological blockade of the mineralocorticoid receptor may improve outcomes in dialysis patients. Given that mineralocorticoid receptor antagonists can cause dangerous hyperkalaemia particularly when combined with other drugs interfering with the renin angiotensin aldosterone system (RAAS), both spironolactone and eplerenone are contraindicated in patients with moderately to severely impaired kidney function. This is also reflected by our study, in which there were eight patients only using spironolactone. This number was too small to allow adjustments regarding MR antagonist use. The 4D study took place in the years 1998 to 2004, when MR antagonist use was not part of clinical practice. We also investigated potassium levels in our study. Potassium levels were not meaningfully different across the categories of aldosterone. Furthermore, the patients with both high aldosterone and high cortisol concentrations had potassium levels similar to those in the patients with low aldosterone and low cortisol. To strengthen our results, we still adjusted our outcome analyses for potassium levels to rule out potential residual influences. Beyond this, encouraging data from several smaller clinical studies suggest that low-dose spironolactone treatment in dialysis patients appears to be safe. 44 The largest of these trials found only a mild increase in pre-dialysis potassium levels of 0.2 mmol/L in 61 dialysis patients treated with 25 mg spironolactone daily. 45 Most importantly, during the 4-month treatment, dangerous hyperkalaemia as defined by a potassium .6.8 mmol/L was not reported. These data suggest that dialysis patients appear to be protected from spironolactone-induced potassium accumulation (no functioning kidney, regular electrolyte equilibration during dialysis) and thus, spironolactone appears to be safe in these patients. Efficacy data of spironolactone on cardiovascular parameters in dialysis patients are scarce. Vukusich et al. 46 reported a beneficial effect on carotid intima media thickness, whereas data on cardiac hypertrophy are controversial. 47, 48 Currently, the randomized clinical trial 'Mineralocorticoid Receptor Antagonists in end stage renal disease' (MiREnDa, NCT No.: NCT01691053) investigates the effect of spironolactone on left ventricular mass in dialysis patients. Further trials will address the effect of low-dose spironolactone on hard endpoints. The novel randomized studies will provide important insights into both safety and efficacy of mineralocorticoid receptor antagonists in dialysis patients. Potential limitations of the study need to be acknowledged. It was a post hoc analysis within a selected cohort of German patients with type 2 diabetes mellitus undergoing haemodialysis. Therefore, the relationship between aldosterone, cortisol and adverse outcome may not be generalizable to other patient populations. In addition, more than half of our patients had an aldosterone level below the detection limit. This is possibly related to the phenomenon of hyporeninemic hypoaldosteronism, which is particularly relevant in diabetic patients. 49 However, this might be partly explained also by the assay used for aldosterone measurement. It has been shown that some (but not all) commercially available aldosterone assays report higher circulating aldosterone concentrations compared with our in house assay. 50 Another fact that has to be acknowledged is the low percentage of patients with high aldosterone that were treated with drugs targeting the RAAS. First, this can be responsible-in part-for the higher aldosterone levels and second this might impact on the clinical outcome. Although we adjusted during the statistical analysis for drugs, we cannot fully exclude that the lack of RAAS inhibition influenced our results. Furthermore, we did not have other detailed parameters of the RAAS available and cannot distinguish the patients with low aldosterone levels. In addition, measurements of oxidative stress were not available to study potential interaction with aldosterone concentrations. Despite careful adjustments for possible confounders, we cannot rule out residual confounding. However, since the known important confounders were considered, the effect of potential residual confounding is likely to be small. We do not have echocardiographic measurements for feasibility reasons (1255 dialysis patients from 178 centres). The main strengths of this study were the specific outcomes, which were verified by a blinded independent endpoint committee. In this context, the long-term follow-up, adequate sample size, and high incidence of pre-specified endpoints are of further major relevance.
Conclusions
In conclusion, the combination of high aldosterone with high cortisol was highly correlated with the incidence of sudden cardiac death and all-cause mortality in haemodialysed type 2 diabetic patients. The effect on sudden cardiac death thereby largely accounted for the mortality risk being associated with the combination of high aldosterone and cortisol levels. Whether the blockade of the mineralocorticoid receptor decreases the risk of sudden death in haemodialysis patients without causing side effects must be examined in future trials.
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